Adsorption of sulfur oxide is one of the key techniques for producing extra-low-sulfur content naphtha during oxidative desulfurization. Reactivation and repeated use of adsorbent are quite important for practical and economic reasons. The reactive performance of silica gel (SIL), an excellent adsorbent for the adsorption of benzothiophene-1,1-dioxide (BTDO), a model sulfur oxide, was evaluated using toluene and dimethyl ether (DME) by multicycle adsorption-reactivation tests. In an 8-cycle adsorption-reactivation test using toluene as a reactivation agent, the breakthrough amount after 8 cycles was reduced to 68％ of the first cycle. Using DME, the breakthrough amount was reduced to 87％ at the second run based on the first run, but this level was maintained throughout the remaining cycles. Three types of naphtha, Naphtha A, hydrotreated naphtha (Naphtha B), and a 50％ mixture, were tested in 8-cycle tests using DME as a reactivation agent. The breakthrough amount of SIL was as high as 1300-1700 g/g-SIL for Naphtha A, and 500-1000 g/g-SIL for Naphtha B containing 13 wt％ of aromatics. The breakthrough amount for the mixture was almost the same as for Naphtha A. These results suggest that SIL is suitable for naphtha containing up to 7 wt％ of aromatics. A 25-cycle adsorption-reactivation test was performed using Naphtha A by limiting the throughput to 1300 g/g-SIL. During the 25 cycles, no significant amount of BTDO was observed in any of the treated naphtha products.
Introduction
sulfurization of gas oils, but some studies have also examined naphthas. ODS should eventually prove The introduction of fuel cells for powering vehicles effective for reducing sulfur compounds at relatively is expected to solve many of the environmental problow temperatures under atmospheric pressure. The lems caused by conventional vehicles 1) . However, one combination of oxidation with post-oxidation treatof the more important unresolved issues in the developments such as adsorption should allow concentrations ment of fuel cell technology is that of ensuring a conof 20 ppb or lower 9)～12) , with far less stringent condistant supply of hydrogen. Liquid fuels, such as gasotions than those required for hydrodesulfurization line, have clear advantages: The infrastructure of (HDS). If the feedstock used for ODS already has a conventional gas stations can be used for on-site or onlow sulfur concentration, sulfur-free fuels can be proboard conversion, and the conversion efficiencies are duced with minimal loss. higher. Moreover, although hydrogen can be proPreviously, we applied ODS to a hydro-treated naphduced at lower cost than the equivalent quantity of tha that contained low concentrations of aromatic commethanol, the sulfur levels must be reduced to several pounds (＜1 wt％), no olefins, and 10 ppm sulfur. 10 ppb for use in fuel cells.
The oxidation process should reduce the initial sulfur The issue of desulfurization has been extensively concentration to about 1 ppm 11) . Subsequent adsorpinvestigated in the past decade, and the oxidative detion separation should reduce the sulfur oxide level to sulfurization (ODS) method has been developed 6)～8) . 10 ppb to yield extra-low-sulfur naphtha. Therefore, we Much of the effort has been directed at ultra-deep destudied the adsorption separation of benzothiophene-1,1-dioxide (BTDO), the oxidation product of benzo-＊ To whom correspondence should be addressed.
thiophene, which tends to persist in naphtha after ＊ E-mail: s-sato@aist.go.jp ODS 11) , and showed that silica gel (SIL) was quite good at adsorbing the contaminating BTDO from naphtha 12) because of the high adsorption breakthrough amount, power, and rate. Silica _ alumina and silica gel are also effective to remove oxidized sulfur compounds from LGO 10) , but the reactivation of adsorbents was not investigated. From the viewpoint of practical and economical use, reactivation and repeated use of adsorbent is quite important. We previously found that dimethyl ether (DME), unlike butane, is an excellent solvent for the extraction of phenols from water using a pressureswing extraction process 13) . Therefore, DME is also effective for the reactivation of SIL, although the reactivation of adsorbent using DME has not been established. The present study examined the use of DME for the reactivation of SIL
Materials and Experiment

1. Reagents and Adsorbents
Silica gel was used as an adsorbent (SIL, Davison silica gel 923), and benzothiophene-1,1-dioxide (BTDO, C8H6SO2; formula weight, 166.1; SigmaAldrich Japan, K.K.) as a sulfur oxide model. The eluents for high performance liquid chromatography (HPLC) analysis and reagents for the model naphtha were as described previously. DME (Tomoe Shokai) was purchased in a 12-l cylinder.
Two types of base naphtha were used in the test: Model naphtha prepared in the same manner reported previously, and hydrodesulfurized straight-run naphtha prepared by HDS using a Co _ Mo/Al2O3 catalyst. The HDS reaction conditions were as follows: reaction temperature, 493 K; reaction pressure, 3 MPa; liquid hourly space velocity (LHSV), 6 h -1 ; and H2/oil ratio, 150 Nl/l. The test samples were prepared by mixing 1 wt％ of toluene containing 500 ppm of BTDO with both the model and the hydrodesulfurized straight-run naphthas. The sulfur concentration of both test samples was about 1 ppm. The composition of the model sample (Naphtha A) is shown in Table 1 , and the properties of the hydrodesulfurized straight-run naphtha (Naphtha B) are shown in Table 2 .
Adsorption Test
The continuous-flow adsorption test unit ( Fig. 1 ) and the test procedure were as previously described 12) . The typical procedure was as follows. The model naphtha was fed from a feed pump (A) at 0.3 ml/min, and after passing through the adsorption column, was sampled every 20 min using valve D in Fig. 1 . The sample was analyzed by HPLC using the same procedure as in the preliminary runs. The BTDO concentration in the effluent was measured using a UV detector. The detection limit of this system was approximately 5 ppb for BTDO, or approximately 1 ppb sulfur. The BTDO concentration in the recovered naphtha was estimated by integrating the BTDO concentration curve with time. The criterion used for evaluation was the throughput per gram of adsorbent necessary for the sulfur concentration to reach 10 ppb in the recovered naphtha (breakthrough amount).
To confirm the experimental method, a preliminary test with 4-cycle adsorption-desorption test was performed prior to multiple repeated experiments. In the test, Naphtha A was used as feed, and SIL was reactivated by toluene. The recovery of BTDO was evaluated by the determination of toluene used for the reactivation and recovered Naphtha A using HPLC with an UV detector (Line B, E and F in Fig. 1) . In addition, the BTDO concentration on SIL was estimated at the point recovered Naphtha A had a BTDO concentration of 10 ppb.
3. Reactivation Test Using Toluene and DME
Adsorption-reactivation tests were repeated for several cycles using toluene and DME as the respective reactivation solvents. For the toluene test, SIL with adsorbed BTDO was reactivated by passing 10 ml toluene through the column at 0.5 ml/min, and then the toluene was replaced with 5 ml of n-hexane. For the DME test, 15 ml of liquid DME was passed through the column over about 10 min with the outlet pressure of the column maintained at about 0.6 MPa (Fig. 2) . The column was stood for 30 min at normal pressure to remove any gaseous DME. The reactivation perfor-mance was evaluated by comparing the breakthrough amount with that of the first cycle (breakthrough ratio). 
Results and Discussion
1. Preliminary Test
The typical correlation between the sulfur concentration in the recovered naphtha and the throughput is shown in Fig. 3 . The breakthrough amount is about 1500 g/g-SIL in this figure. The test estimated the BTDO concentration at the breakthrough point, and the recovery of BTDO by reactivation using toluene. More than 90％ of the BTDO feed was contained in the toluene used for the reactivation, and 1.7-6.3％ in the treated Naphtha A ( Table 3 ). The loss of BTDO was 3.4-7.1 wt％ in each cycle. These results show that the adsorption test was carried out correctly. Table 3 also shows that the BTDO concentration adsorbed on SIL was 0.55-0.85 wt％ based on SIL.
2. Reactivation with Toluene and DME
Two runs of the 8-cycle reactivation test were performed using Naphtha A. In the first cycle, fresh SIL activated by drying at 130℃ overnight was used, and the breakthrough amount was 1300-1700 g/g-SIL.
After reactivation using toluene, the breakthrough ratio in the second cycle was about 80％, and decreased by about 3％ in each subsequent cycle, with an overall breakthrough ratio of 68％ after 8 cycles (Fig. 4) . Those results showed that toluene could not fully re- Fig. 4 Reactivation Effect on Breakthrough Ratio by Toluene and DME activate the SIL, indicating that a more powerful solvent was required. However, a more powerful solvent could easily remain on the SIL and interfere with the adsorption of BTDO. We thought that this could be avoided by using DME, which could be easily removed from the SIL as gaseous DME under reduced pressure. Figure 4 also shows the change in the breakthrough ratio using DME instead of toluene. The breakthrough ratio in the second cycle was 87％, and this level was maintained throughout the experiment. The overall breakthrough ratio after 8 cycles was still approximately 87％. The recovery of BTDO was not determined, but should be better than that with toluene after the second cycle. Those results indicate that DME is very effective at reactivating SIL.
In general, reactivating solvent requires the properties of good dissolution of BTDO from silica gel, easy desorption from silica gel to prevent the contamination of naphtha, and economic recovery. Solvents with weaker polarities than toluene, such as n-alkanes, are not suitable because of poor desorption. Solvents with high boiling points are not also suitable because too much heat is required for recovery by distillation. Polar solvents with low boiling points, such as tetrahydrofuran, are often used for reactivation 10) . However, such solvents require a lot of coolant to remove sulfur oxides by distillation, which is quite costly in a commercial-scale process so should not be adopted.
A pressure swing process does not basically require any heating or cooling. Butane has been used, but desorption is quite limited. At the moment, DME is the only solvent with very polar properties but similar gasliquid behavior to butane. In addition, DME is expected to be available at a low price and in large quantities. 3. 3. Breakthrough Amount of SIL Reactivated by DME The above results suggest that DME would also be effective for activating fresh SIL instead of drying. To investigate this idea, we performed an 8-cycle adsorptionreactivation test. Fresh SIL was activated using DME in the same process as for reactivation. The breakthrough amount using Naphtha A in the first two cycles was about 1200 g/g-SIL, with the range of 1500-2000 g/ g-SIL after the third cycle (Fig. 5) . These results indicate that DME is also effective for activating fresh SIL.
A similar test was performed using Naphtha B (Fig. 4) . The breakthrough amount was less than for Naphtha A, but was as much as 500-1100 g/g-SIL. A large amount of aromatic components probably prevented the adsorption of BTDO in Naphtha B.
Another test used naphtha prepared by mixing 50 wt％ of Naphthas A and B, with an aromatic content calculated to be about 7 wt％. After 8 cycles, the breakthrough amount was as much as 1880 g/g-SIL (Fig. 5) , on the same level as that for Naphtha A. In the experiment, throughput was 1100-1500 g/g-SIL up to the 6th cycle. However, no breakthrough was observed on any cycle. In the last two cycles, throughputs of about 2000 g/g-SIL were conducted to obtain the breakthrough amounts, so only the last two cycles are shown in Fig. 5 . The results show that an aromatic content of 7 wt％ is sufficient to adsorb BTDO effectively.
Aromatics in naphtha are believed to act as desorption solvents. Certainly aromatics in Naphtha B, which contained 13.1 wt％ of aromatics, suppressed the breakthrough amount. However, this is unlikely for naphtha containing about 7 wt％ of aromatics, which can be achieved by dearomatization of naphtha.
4. Multiple Adsorption-reactivation Performance
The previous results demonstrated that SIL could be used for at least 8 cycles. This raised the question as to how many cycles would be practical if the throughput were limited to less than the breakthrough amount. Therefore, 25 cycles of the adsorption-reactivation test were conducted using Naphtha A, limiting the throughput to 1300 g/g-SIL. In addition, the amount of liquid DME for the reactivation was reduced to about 1.5 ml, which was about 15 times that of the SIL (vol/wt). No BTDO was detected by the UV detector in any cycle, indicating that the BTDO concentration in the treated naphtha was lower than the detection limit of 1 ppb of sulfur (Fig. 6) . Additional analysis by gas chromatography/inductively coupled plasma mass spectrometry (GC/ICP-MS) 14) of the treated naphtha at the 25th cycle found no trace of BTDO, whereas analysis of the reference sample containing 5.7 ppb of BTDO detected 1.14 ppb of sulfur (Fig. 7) . Therefore, the BTDO concentration in the treated naphtha was lower than the detection limit (1 ppb as sulfur). These results indicate that SIL could adsorb all BTDO in Naphtha A at a breakthrough amount up to 1300 g/ g-SIL, and that the SIL could be reactivated by 15 times the volume of liquid DME.
Using DME in a large-scale process has some advantages. DME can reactivate SIL at ambient temperature, and at pressures below 1 MPa. The DME process requires no heat sources or other agents, and is a closed process involving pressure-swing. A process with a 1-week cycle period and a breakthrough amount of 1300 t/day would require only 7 t of SIL for one cycle operation. Since such a process would require at least two adsorption units for continuous operation, it could be run for 50 weeks with two units. This means that operation for nearly one year would be possible with SIL.
Conclusion
The present study compared the use of liquid DME and toluene to activate SIL for the production of extra sulfur-free naphtha using a 4-cycle adsorptionreactivation test using Naphtha A containing 5 ppm BTDO. The recovery of BTDO was more than 90 wt％ using toluene as a reactivation agent, and 1.7-6.3 wt％ of unadsorbed BTDO was recovered in treated Naphtha A. At the breakthrough point, the BTDO concentration on SIL was 0.55-0.85 wt％. In an 8-cycle test using toluene, the breakthrough ratio decreased gradually every cycle, and the overall breakthrough ratio using toluene was 68％ after 8 cycles starting with fresh SIL. In sharp contrast, using DME, the breakthrough ratio was maintained at 87％ after 8 cycles. DME was also effective in activating fresh SIL.
The breakthrough amount of SIL was as high as 1300-1700 g/g-SIL for Naphtha A and 500-1000 g/ g-SIL for Naphtha B containing 13 wt％ of aromatics. However, the breakthrough amount for the mixture of Naphtha A and B containing 7 wt％ of aromatics was almost the same as for Naphtha A. These results suggest that SIL is suitable for naphtha types containing up to 7 wt％ of aromatics.
Multiple adsorption-reactivation tests using Naphtha A were performed limiting the throughput to 1300 g/ g-SIL. During 25 cycles, no significant amount of BTDO was observed in any of the treated naphtha. To reactivate the SIL, 15 ml/g-SIL of liquid DME was sufficient.
These results suggest that 1-year operation is viable using a pressure-swing process with two adsorptionreactivation units operating in 1-week cycles at ambient temperature. 
